In light of increasing terrestrial carbon (C) transport across aquatic boundaries, the 1 mechanisms governing organic carbon (OC) oxidation along terrestrial-aquatic interfaces 2 are crucial to future climate predictions. Here, we investigate biochemistry, metabolic 3 pathways, and thermodynamics corresponding to OC oxidation in the Columbia River 4 corridor. We leverage natural vegetative differences to encompass variation in terrestrial C 5 inputs. Our results suggest that decreases in terrestrial C deposition associated with 6 diminished riparian vegetation induce oxidation of physically-bound (i.e., mineral and 7 microbial) OC at terrestrial-aquatic interfaces. We also find that contrasting metabolic 8 pathways oxidize OC in the presence and absence of vegetation and-in direct conflict with 9 the concept of 'priming'-that inputs of water-soluble and thermodynamically-favorable 10 terrestrial OC protects bound-OC from oxidation. Based on our results, we propose a 11 mechanistic conceptualization of OC oxidation along terrestrial-aquatic interfaces that can 12 be used to model heterogeneous patterns of OC loss under changing land cover 13 distributions. 14 15
Soils and nearshore sediments comprise a C reservoir that is 3.2 times larger than the 16 atmospheric C pool 1 , yet Earth System Models (ESMs) struggle to integrate mechanisms of OC 17 oxidation into predictions of atmospheric carbon dioxide concentrations 2-4 . In particular, OC 18 oxidation in nearshore habitats constitutes a significant uncertainty in atmospheric C flux 5,6 and 19 knowledge on C cycling along these transition ecosystems is necessary to accurately predict 20 global C cycling 1 . Terrestrial C inputs into aquatic systems have nearly doubled since pre-21 industrial times; an estimated 2.9 Pg C now crosses terrestrial-aquatic interfaces annually (vs. 0.9 22 Pg C yr -1 stored within forested ecosystems) 7,8 . The magnitude of this flux has garnered 23 significant recent attention 5,7,8 , yet the biochemical, metabolic, and thermodynamic mechanisms 24 governing OC oxidation along aquatic interfaces remain a crucial uncertainty in climate 25 predictions. New molecular techniques are providing insight into OC dynamics 9-11 , but we still 26 lack an understanding of why some OC remains stabilized for millennia whereas other OC is 27 rapidly oxidized 12 . 28
The ability of microorganisms to oxidize complex OC is an important constraint on C 29 cycling, as OC is a mixture of compounds with different propensities for biotic oxidation 13, 14 . 30
Within terrestrial research, OC oxidation is often framed within the concept of 'priming ', 31 whereby microbial oxidation of chemically-complex and thermodynamically unfavorable OC is 32 fueled by the addition of more bioavailable OC compounds 15 . However, the applicability of 33 priming in aquatic environments is unclear [16] [17] [18] . Aquatic systems, and in particular nearshore 34 environments, frequently experience mixing of terrestrial and aquatic C sources with distinct 35 chemical character, providing a theoretical basis for priming expectations 16, 17 . Consistent with 36 priming, Guenet et al. 16 have proposed that this mixing generates "hotspots" or "hot moments" of 37 biological activity facilitated by complementary C resources. Alternatively, OC stabilization in 38 4 sediments is tightly linked to organomineral interactions, which provide physical protection from 39 extracellular enzyme activity [19] [20] [21] , and the strength of these interactions may override any 40 evidence for priming. Early investigations of priming effects in aquatic systems have been 41 inconclusive, with evidence both for 22 and against 17,23 priming mechanisms. 42
Several new perspectives have attempted to move beyond frameworks such as priming 43 that depend on strict chemical definitions to predict OC oxidation 1, 24, 25 . Two recent perspectives 44
propose that the probability of OC oxidation is related to a spectrum of chemical properties and 45 that even very complex OC can be oxidized when more favorable OC is depleted or isolated 46 from microorganisms. Lehmann and Kleber 25 have proposed a 'soil continuum hypothesis' 47 whereby OC is a gradient of continuingly decomposing compounds that are variably accessible 48 for biotic oxidation, with no notion of chemically labile versus recalcitrant compounds. 49
Similarly, Burd et al. 1 have suggested that OC oxidation is a 'logistical problem' involving the 50 ability of microorganisms to access and metabolize compounds. Both concepts capture the 51 emerging belief that chemically-complex, thermodynamically unfavorable OC can be oxidized 52 when more favorable compounds are inaccessible. 53
Here, we address a critical knowledge gap in predicting the global C balance 1,5,6,8 --54 mechanisms governing OC oxidation along terrestrial-aquatic interfaces. Specifically, we 55 investigate the biochemistry, microbial metabolism, and thermodynamics of OC oxidation in 56 nearshore water-soluble and physically-bound (i.e., mineral and microbial) OC pools. We 57 leverage natural variation in riparian vegetation along the Columbia River in Eastern Washington 58
State (approximately 46 o 22' 15.80"N, 119 o 81 16' 31.52"W), the largest river in the U.S. west 59 of the Continental Divide 26,27 , to examine these mechanisms in the context of spatial variation in 60 terrestrial C deposition. Vertical profiles were collected at three positions along each of two 61 5 transects--within patches of shoreline with or without riparian vegetation (hereafter, R and NR 62 for 'riparian' and 'non-riparian', Table 1 )--that ran perpendicular to river flow. Consistent with 63 the priming paradigm and the presence of complementary resources in nearshore environments 64 with terrestrial vegetation, we hypothesize that (a) C deposition associated with riparian 65 vegetation increases total aerobic metabolism and enhances oxidation of bound-OC stocks, while 66 (b) areas without riparian vegetation foster lower rates of aerobic metabolism with minimal 67 oxidation of bound-OC. 68 69
Results. 70

Shifts in physicochemical, metabolic, and C character between vegetation states. 71
Differences in vegetation states (i.e., vegetated vs. unvegetated areas) between the 72 transects corresponded to differences in physicochemistry, aerobic metabolism, and OC pool 73 composition. R was characterized by mature trees (Morus rubra (Red Mulberry) and Ulmus 74 rubra (Slippery Elm) with a closed canopy) near the water line and was nutrient-rich as 75 compared to NR ( Supplementary Fig. 1-3 ). R displayed comparatively high concentrations of 76 total C and rates of aerobic metabolism ( Supplementary Fig. 1-3 ). In contrast, NR consisted of 77 vegetation-free, cobble-ridden shoreline with sandier soils, low total C, and low aerobic 78 metabolism ( Supplementary Fig. 1-3) . 79
The composition of OC pools was also distinct at each vegetation state (Fig. 1 ). We 80 evaluated OC composition by sequential water-(H 2 O), methanol (-MeOH), and chloroform-81 (CHCl 3 ) extractions 10,11 , followed by analysis via Fourier transform ion cyclotron resonance 82 mass spectrometry (FT-ICR-MS). Previous work has shown that each solvent is selective 83 towards the type of compounds it extracts 10 . Because MeOH has a polarity in between that of 84 6 water and CHCl 3 , it extracts both water-soluble and bound-OC pools (i.e., a mix of compounds 85 that water and CHCl 3 extract). In this study we are interested in the differences in OC 86 composition between pure water-soluble and bound-OC pools only, and we will focus our 87 discussion on H 2 O-and CHCl 3 -extractions only. Water is a polar solvent with a selection bias for 88 carbohydrates with high O/C ratios, amino-sugars and other labile polar compounds 10 ; and, as 89 nearshore environments frequently experience wetting, water extractions represents an 90 estimation of physically accessible OC compounds in these environments. Conversely, CHCl 3 is 91 selective for non-polar lipids associated with mineral interactions and cellular membranes 10 . We 92 use H 2 O-and CHCl 3 -extracted OC as proxies for readily bioavailable (i.e., weakly bound 93 physically) vs. less bioavailable (i.e., mineral-bound and microbial) pools, respectively. 94
Compositional difference in OC pools indicated a possibility for fundamentally different 95 OC oxidation processes at each vegetation state, whereby preferential oxidation of certain 96 compounds was either driven by or generates an observable difference in OC pool composition. 97
Further, total organic OC content explained only 38% of aerobic metabolism rates (R 2 = 0.38, P 98 < 0.0001, Supplementary Fig. 4 ), leaving open the possibility that OC compositional differences 99 may be related to differences in aerobic metabolism at each vegetation state. 100
101
Associations between C transformations and aerobic metabolism. 102
Given chemical differences across vegetation states in each OC pool and known impacts 103 of C chemistry on metabolic functioning in other systems 28,29 , we postulated that compound-104 specific transformations may be related to rates of aerobic metabolism at each of our vegetation 105 states. To reveal transformations associated with aerobic metabolism-and to study differences 106 in those transformations across vegetation states-we estimated the number of times a given 107 7 transformation occurred within each OC pool, within each sample. In turn, these 'abundance' 108 estimates were correlated to rates of metabolism (resazurin assay, see Methods). Transformations 109 were identified as mass differences in known biochemical pathways between peaks detected by 110 FT-ICR-MS (i.e., the mass gained or lost in reactions, see Methods, Fig. 2 ). Positive 111 relationships were inferred as processes possibly associated with biotic OC oxidation. We refer 112 to H 2 O-and CHCl 3 -soluble OC pools at R and NR, respectively, as RW ('riparian water'), RC 113 ('riparian chloroform'), NRW ('non-riparian water'), and NRC ('non-riparian chloroform') for 114 the remainder of the manuscript. 115
Transformation analysis indicated that the biochemical processes associated with OC 116 oxidation are significantly different across riparian vegetation conditions. Specifically, the 117 identities of OC transformations that increased in abundance with increases in aerobic 118 metabolism at each vegetation state were significantly different (PERMANOVA, H 2 O P = 0.022 119 and CHCl 3 P = 0.002, Fig. 3 a-b, Table 2 ). In comparing differences in transformations occurring 120 with the water-soluble OC pool, we observed a dominance of amino-and sugar-associated 121 transformations at RW vs. NRW. Twenty-six transformations were identified as contributing to 122 aerobic metabolism in RW, while none were identified in NRW. These RW transformations 123 were primarily associated with glucose, alanine, and lysine (Table 2) . Conversely, within the 124 bound-OC pool, 38 transformations were identified as contributing to aerobic metabolism in 125 NRC, compared to only 11 in RC. In both cases, these transformations consisted of complex C 126 molecules such as pyridoxal phosphate, palmitic acid, and glyoxylate (Table 2) . 127
The larger number of transformations associated with aerobic metabolism in NR vs. 128 NRW, and the larger number in NRC vs. NW, suggests that aerobic metabolism in vegetated and 129 unvegetated areas depend on water-soluble and bound-OC pools, respectively. We note some 130 8 oxidation of the bound-OC pool under vegetated conditions, but only 11 correlations were 131 observed between RC transformations and aerobic metabolism suggesting a relatively minor 132 role, especially considering that there were 38 significant correlations for NRC. This evidence 133 suggests that an increased supply of bioavailable compounds in vegetated areas leads to bound-134 OC being less involved in aerobic metabolism, relative to unvegetated areas where bound-OC 135 appears to be heavily involved in aerobic metabolism. The concept of priming 15 would predict 136 the opposite pattern--a greater supply of bioavailable OC should increase the contributions of 137 less bioavailable OC (here, bound-OC) to aerobic metabolism. Our results run counter to a 138 priming mechanism and indicate that the supply of bioavailable compounds-associated with 139 riparian vegetation-diminishes the contribution of bound-OC to aerobic metabolism and, in 140 turn, protects bound-OC pools. Mineral-stabilized OC therefore has greater potential to remain 141 sequestered along river corridors with spatially and temporally consistent inputs of bioavailable 142 OC, potentially derived from riparian vegetation. The fate of OC that moves across the 143 terrestrial-aquatic continuum in may be impacted by land use change 30 in ways not currently 144 represented in ESMs. 145
146
Associations between microbial metabolic pathways and aerobic metabolism. 147
Across vegetation conditions we observed stark differences in the identity of C 148 transformations that correlated with aerobic metabolic rate. In turn, we hypothesized that the 149 microbial metabolic pathways associated with OC transformations were also dependent on 150 vegetation condition. To address this hypothesis, we first identified the FT-ICR-MS peaks 151 involved in the molecular transformations that were correlated with metabolic rate; each instance 152 of each transformation involves two peaks (a reactant and a product). These peaks were mapped 153 In contrast to RW, NRW did not display associations between plant-associated metabolic 183 pathways and OC oxidation. All correlations indicated broad metabolic processes including 184 membrane transport and carbohydrate metabolism that may indicate utilization of other resources 185 (Cluster 3, Fig. 4 ). 186
Instead, we observed relationships between plant-associated metabolisms and OC 187 oxidation within NRC. For example, correlations were strongest in Cluster 1, which contained 188 pathways of cutin, suberine, and wax biosynthesis 37-39 , alpha-linolenic acid metabolism 40,41 , and 189 biosynthesis of secondary metabolites 32-34 ( Fig. 4 ). Each of these pathways denotes the synthesis 190 or metabolism of a plant-associated lipid compound. Because no specific metabolisms were 191 correlated to OC oxidation in the H 2 O-soluble pool, we hypothesize that these lipid-based 192 metabolisms comprise the primary KEGG-identifiable pathways associated with OC oxidation in 193 areas without riparian vegetation. We also observed one cluster of pathways that correlated with 194 metabolism at RC (Cluster 7) and contained plant-associated metabolic pathways such as linoleic 195 acid metabolism 40,41 and brassinosteroid biosynthesis 42 , indicating some oxidation of lipid plant 196 material in the bound-OC pool under vegetated conditions. We therefore propose that plant-197 derived lipid compounds serve as a secondary substrate for OC oxidation in shorelines with 198 riparian vegetation, given that most correlations at R were detected in the water-soluble pool. 199
200
Thermodynamics of carbon oxidation. 201
Finally, we hypothesized that microbes would preferentially oxidize more 202 thermodynamically-favorable compounds at both sites, consistent with universal thermodynamic 203 constraints on biogeochemical cycles 43-45 . Because we observed evidence for preferential OC 204 oxidation in the water-soluble OC pool at R and in the bound-OC pool at NR, we further 205 predicted that these constraints would be limited to oxidation of preferred substrate pools within 206 each vegetation state. We determined Gibbs Free aerobic metabolism corresponded to a depletion of more thermodynamically-favorable OC (i.e., 217 OC became less favorable as aerobic metabolism increased), resulting in progressively 218 unfavorable thermodynamic conditions. 219
The priming conceptual framework would predict that terrestrial inputs associated with 220 riparian vegetation should condition microbial communities to oxidize less thermodynamically-221 favorable C, such as that found in the bound-OC pool. In such a scenario, inputs of 222 thermodynamically-favorable carbon should-by minimizing community-level energy 223 constraints-allow for the rise of microbial physiologies that can oxidize less favorable C 15 . In 224 this case, a significant relationship between thermodynamic favorability and aerobic metabolism 225 in the RW pool should lead to a relationship within the RC pool. Our results reveal a strong 226 relationship within the RW pool, but not in the RC pool, thereby rejecting an influence of 227 priming. Instead, our results suggest that bound-OC pools are protected by thermodynamically-228 favorable compounds that serve as preferred substrate. 229 230
Discussion. 231
In contrast to our expectation that water-soluble OC associated with riparian vegetation 232 would increase oxidation of bound-OC pools, we observed evidence consistent with inhibition of 233 bound-OC oxidation by thermodynamically favorable water-soluble compounds. Priming has 234 been actively debated in aquatic research [16] [17] [18] , and a number of other studies have been unable to 235 detect a priming effect in both sediment and aqueous habitats 17,23 . The mechanisms resulting in 236 priming are not well understood, but the phenomenon has been associated with nutrient and 237 energy limitations in soil environments 15 . For instance, under nutrient limitation, microorganisms 238 may oxidize chemically-complex OC to garner resources (e.g., nitrogen mining), while shared 239 resources that facilitate OC oxidation (e.g., extracellular enzymes) are more likely to facilitate 240 ecological cheating under energy limiting conditions 15,16,23,47 . Our system is oligotrophic, 241 containing a fraction of the total C content observed in other systems ( Supplementary Fig. 1 ), 242
and therefore, C limitation rather than nutrient limitation might drive OC oxidation dynamics. In 243 such a case, readily bioavailable C inputs would be rapidly oxidized but microbial communities 244 13 may be well-adapted to rely on alternative energy sources (e.g., NH 4 + , Fe) that may be more 245 available than bound-OC pools. 246
247
Conceptual model for OC oxidation at terrestrial-aquatic interfaces. 248
Based on our work, we propose a conceptual model of OC oxidation along terrestrial-249 aquatic interfaces in which the oxidation of bound-OC is limited by terrestrial inputs from 250 riparian vegetation (Fig 6. a-b ). Riparian vegetation sustains inputs of water-soluble compounds 251 to nearshore OC pools, resulting in a larger thermodynamically-favorable and water-soluble OC 252 pool (Fig. 6b ). This leads to higher overall C content in nearshore sediments and elevated rates of In contrast, non-vegetated riparian zones provide little input into water-soluble OC pools 263 (Fig 6a) , and rates of metabolism and C pool sizes are lower in these environments. Carbon 264 oxidation in these non-vegetated zones occurs primarily within the bound-OC pool, albeit more 265 slowly and as product of different biochemical and metabolic pathways than in vegetated 266 environments (e.g., complex C transformations and lipid-based metabolism of plant derivatives). 267
14
We posit that water-soluble pools in non-vegetated sediments are sufficiently small that investing 268 in enzymes needed to metabolize this OC pool results in a net loss on energy investment. Instead, 269 microbes in unvegetated areas must investment in cellular machinery to access bound-OC, and 270 our results imply that the cellular machinery needed to access bound-OC is distinct from the 271 machinery needed to access water-soluble OC. These fluxes have been examined primarily for their own propensity to be oxidized along land-290 15 to-sea continuums 5,7,8 , but we also suggest a role for these fluxes in stabilizing mineral-bound 291 carbon within nearshore environments. For example, vegetation removal, impervious surfaces, 292 and drainage systems coincident with urbanization alter terrestrial C runoff patterns, both 293 increasing their magnitude and creating preferential deposition flowpaths 50-52 . Agricultural 294 drainage systems also lead to preferential flowpaths as well as spatiotemporal variation in the 295 quantity and quality of terrestrial-aquatic fluxes 53,54 , an effect that strongly influences C cycling 296
given that 40% of the earth's land is cultivated 30, 53 . We propose that changes in the distribution 297 of these fluxes through space and time may impact OC oxidation both in the C transported along 298 these flow paths and within sediments that are differentially exposed to terrestrial OC. 299
Finally, vegetation distributions in natural ecosystems are predicted to shift in response to 300 altered precipitation regimes. Associated changes in plant phenology, morphology, and 301 establishment will impact the quantity, quality, and distribution of terrestrial material entering 302 aquatic systems 49 , and we currently have an incomplete understanding of how these patterns will 303 vary across ecosystems and precipitation patterns 48,49 . A mechanistic framework for C oxidation 304 along vegetative heterogeneity in river corridors will therefore aid in predicting how terrestrial-305 aquatic interfaces respond under proposed scenarios. Here, we demonstrate a potential for 306 increases in the intensity of terrestrial C fluxes to lead to larger mineral-bound C pools by 307 physically and thermodynamically protecting these pools; and conversely, a potential for 308 oxidation of mineral-bound C pools in areas with diminished terrestrial C inputs. 309 310
Conclusions. 311
Earth System Models depend on mathematical representations of C cycling, and the 312 continued development of these models is tightly coupled to conceptual advances drawn from 313 into the river bed to a depth of ~60cm. N 2 (l) was poured down the tube for ~15 minutes, until a 360 sufficient quantity of material had frozen to the outside of the rod. The rod and attached material 361 was removed from the river bed with a chain hoist suspended beneath a tripod. Profiles were 362 placed over an aluminum foil lined cooler containing dry ice. Frozen material was removed by 363 with a mallet and sectioned into 10cm depth intervals from 0-60 cm (n = 6 per profile, except for 364 N3 which was sectioned only from 30-60cm; total n = 33). The material was then wrapped in the 365 foil and transported on dry ice to permanent storage at -80°OC. 366 367
Particle Size Distribution. 368
Samples were dried for 4-5 days at 105°OC, weighed, then transferred to 4L 369 polypropylene Nalgene bottles and vigorously agitated to break up aggregates. Material was then 370 sieved into1-phi size classes from 64mm (-6 phi) to <.062mm (5 phi) and weighed to determine 371 the weight percentage for each fraction. Each subsample was placed in a 50ml Corning tube with 372 25ml of 1% pyrophosphate solution and placed on a rotary shaker overnight. This mixture was 373 then poured and washed through a #230 sieve (.062mm). Material retained on the sieve was 374 dried overnight and weighed to determine the weight percentage of the sand fraction, which was 375 then subtracted from the initial 10g to determine the silt and clay fraction. These measurements 376 are then averaged and the weight-by-size fractions of the original 10g were determined. We used 377 the Modified Wentworth Scale to define the mud fraction as <.062mm (#230 sieve), the sand 378 fraction as <2mm to .062 (passes #10 sieve, but retained on a #230), and the gravel fraction as 379 >2mm (retained on #10 sieve) to 64mm. 380 381 Sample Processing. 382
Samples were transferred to an anaerobic glovebag with 95%N 2 and 5% H 2 (Coy 383 Laboratory Products, Grass Lake, MI) and thawed on clean 2mm stainless steel sieves prior to 384 processing. Samples were sieved and homogenized; and 20g was subsampled into a pre-weighed, 385 pre-cleaned 40ml glass vial for Fe(II) analysis. The remaining <2mm sieved and >2mm bulk 386 samples were removed from the glovebag. Subsamples were collected from the <2mm fraction 387 for further analysis. Approximately 5g was transferred into a 40-mL borosilicate glass vial and 388 stored at -80 o C for analysis of OC chemistry (see below). An additional sample was taken for 389 elemental analysis (OC, N) and remaining material was divided into 20g samples collected into 390 40-mL borosilicate glass vials and stored at -80 o C. 391 392 Analytical methods. 393
We analyzed sample geochemistry with the following approaches. Total carbon (OC), 394 nitrogen (N), and sulfur (S) were measured using an Elementar vario EL cube (Elementar 395
Co.Germany). To analyze ammonia (NH 4 + ), we extracted 2g sediment with 4mL 2M KCl for 1hr 396 on a reciprocal shaker. Extracts were filtered (0.22 um) and NH 4 was measured with Hach Kit 397 2604545 (Hach, Loveland, Co). Fe(II) content was assessed by ferrozine assay 66 . Briefly, 1g 398 sediment was extracted for 1hr with 10 mL 0.5N HCl with 200 rpm shaking in an anaerobic 399 chamber and filtered through 0.22um PTFE syringe filters. One mL of filtrate and 1 mL 400 Ferrozine were combined in a 1.5 mL, and fluorescence was measured at 562 nm to determine 401 Fe(II) content. Total Fe was determined by inductively coupled plasma (ICP), and Fe(III) was 402 calculated as the difference between Fe(II) and total Fe. All other ion concentrations were 403 measured by ICP on 0.5N HCl extractions, as described above. 404 20 In addition, we assessed aerobic metabolism in each sample with a resazurin reduction 405 assay, modified from Haggerty et al. 67 . We added 6ml of filtered river water from the Columbia 406 River to four replicate 1 cc subsamples, taken with a cut-off syringe, from each depth. One 407 replicate vial from each location was heat killed in a 90 o C water bath for 1 hour, and cooled on 408 ice to bring back to 4 o C. Resazurin incubations were started by adding 200μl of 30μM resazurin 409 to vials when cold, gently mixing and then incubating on an angle at 50rpm and 21 o C. After 4hr, 410 vials were weighed and 6mL acetonitrile (ACN) added to begin a 1hr extraction. After ACN 411 addition, vials were sealed, vortexed and weighed again before being placed in a sonicator bath 412 for 10min. After sonication, vials were put back on the 50rpm shaker. After a 1hr extraction, 413 vials were vortexed and sand was allowed to settle. The screw cap was removed to allow extract 414 to be drawn into a 5-mL syringe fitted with a 20G needle. Extracts were filtered with 33mm, 415 0.2μm syringe filters (PES, Millex by Millipore) into pre-labeled 12-mL amber vials 416 
